Abstract-Trajectory sensitivity analysis is used to find the best places for installation of thyristor controlled series capacitors (TCSC) to improve transient stability of the power system. Based on the rotor angles of generators, an equivalent angle ( ) is defined by determining accelerating and decelerating machines, and then using trajectory sensitivities of this angle with respect to the impedances of the transmission lines in the post-fault system, appropriate locations for placing TCSC will be found. Severity of the faults is also considered in this calculation. This method is applied to the IEEE 3-machine 9-bus test system to find the priorities of the transmission lines for installation of TCSC. Simulation with industrial software verifies the obtained results.
I. INTRODUCTION

E
LECTRICAL power systems are being more and more complicated every year and proportionally their analysis will also become more difficult. So, there is an intense need to use more efficient methods for power system analysis. One of the most important topics in power system is the inspection of the transient stability when power system being subjected to a contingency. Transient stability is the ability of power system to keep its synchronism when a large disturbance, like three phase short circuit, occurs in the system. Several factors like the initial condition of the power system, type, severity and location of the fault affect the transient stability.
The maximum duration that one fault can remain in the power system without causing instability is the critical clearing time (CCT) of that fault. CCT of a fault can be used as a power system stability index for that fault. Due to nonlinear nonsmooth nature of dynamic behaviour of power system, transient stability assessment can be an extremely massive calculation especially when the goal is to check the stability margin in each iteration of an algorithm which intends to improve the transient stability [1] . Simulation of power system usually provides information about a single scenario and each change to the power system needs another simulation which leads to repetitive simulation and high computational cost [2] . Trajectory sensitivity analysis (TSA) is one of the most advantageous methods, since it linearizes the system around the nominal trajectory instead of one operating point and provides information to calculate the variation of trajectory due to changes in the parameters of A. Nasri, M. Ghandhari and R. Eriksson are with the Department of Electric Power Systems, School of Electrical Engineering at KTH Royal Institute of Technology, Sweden, e-mail: (see http://www.kth.se/en/ees/omskolan/organisation/avdelningar/eps/abouteps). the system. [3] developed a new method for power system stabilizer (PSS) design based on trajectory sensitivities of power system with respect to (PSS) parameters. TSA is also able to give insight information about the distance of power system from instability [4] , [5] . As the instability of the power systems may create several expensive and hazardous follow-ups, system operators really like to improve the transient stability of their systems. Series compensators like thyristor controlled series capacitors (TCSC) equipped with the proper controller can be used to compensate the reactance of transmission line in a way to enhance the transient stability. Using these devices most effective on the transient stability, it is vital to find the best locations for installation of these TCSCs. Reference [6] used corrected transient energy margin (CTEM) as a transient stability index and calculated the effects of putting a TCSC in the transmission lines using this index. For allocation of TCSC from transient stability viewpoint, sensitivity coefficients based on the change of the generator electric output due to the change of the compensation ratio were defined in [7] and were calculated for different locations of TCSC. In [8] an estimation of TSA has been used to study the effects of series and shunt Flexible AC Transmission system (FACTS) devices on the transient stability. A stability index based on the estimation of trajectory sensitivities of rotor angles of the generators with respect to the clearing time of the faults was calculated for different locations of FACTS devices. Stability index defined in [8] is not suitable for optimal placement of FACTS devices since it is not accurate and also leads to repetitive simulation of power system In this paper, the precise analytical trajectory sensitivities of rotor angles of the generators to the impedances of transmission lines are calculated for the post-fault system. Based on the obtained trajectory sensitivities of rotor angles and definition of equivalent angle ( ), trajectory sensitivities of the to the impedances of the transmission lines are computed. An algorithm is proposed to use these calculated trajectory sensitivities to find the optimal locations of series compensators for improving transient stability of power system. This proposed algorithm is implemented in MATLAB®10b using IEEE 3-machines 9-buses test system. Finally, the obtained results is applied to the industrial software SIMPOW®11 for verification [9] . It should be mentioned that the existing methods need to move the compensator to all the available locations and each time simulate the system to investigate its impact on the transient stability while the proposed method which is based on the trajectory sensitivity analysis calculate all the required information with just one simulation and will reduce significantly the computational cost.
II. POWER SYSTEM MODELING AND TRAJECTORY
SENSITIVITY ANALYSIS
As explained comprehensively in [10] , power systems can be modeled by the following differential algebraic equationṡ = ( , ; )
(1)
Where are the dynamic states, are the algebraic states and are the parameters of the system. Rotor angles of the generators ( ), magnitude and angle of bus voltages and impedances of the transmission lines are the examples of the dynamic states, algebraic states and parameters of the power system, respectively. 0 and 0 are initial conditions of dynamic and algebraic states and based on the above notations, events in the system like faults occurs when ( , ; ) = 0.
To write the equations in a more organized way, vectors of and are defined as follows
And therefore˙=
To calculate the trajectory sensitivities analytically, the derivatives of (5), (6) are calculated with respect to 0
The system is assumed to be away from the events. It is clear that the initial value for the trajectory sensitivities of dynamic states is an identity matrix. Using this matrix the initial values for the trajectory sensitivities of algebraic states can be also computed.
, , and are time varying functions which are calculated along the system trajectories. When an event like a short circuit fault occurs in the power system, jump condition should be derived for computation of the trajectory sensitivities which is fully described in [10] . To find the trajectory sensitivities, the differential algebraic equations (5), (6), (7) and (8) should be solved simultaneously with the initial conditions described above.
III. TRANSIENT STABILITY ASSESSMENT USING TRAJECTORY SENSITIVITY ANALYSIS
The result of transient instability appears in the form of increasing rotor angles of some generators which leads to their loss of synchronism with other generators. So, monitoring angular swings of generators (dynamic states ) could be one way to check the transient stability. To improve the transient stability, power system parameters can be controlled (if applicable) in a way to have positive effects on the variation of rotor angles of generators when the system is subjected to a fault and prevent power system from being unstable. Impedance of transmission line is one of these parameters which can have a considerable effect on the stability of power system with controlling power flows in the transmission lines. Nowadays with the presence of FACTS devices like TCSC, it is possible to control the impedance of transmission lines and improve transient stability of power system. Due to heavy cost of these devices, it is not economical to install several TCSCs in a power system, and therefore, the optimal locations for installation of these devices should be determined instead. In this paper, TSA is used to determine the trajectory sensitivities of rotor angles of generators to the impedances of transmission lines. So, the matrices of power system parameters and trajectory sensitivities of dynamical states for this study are as follows
where is the impedance of ℎ transmission line, is the number of transmission lines, is the rotor angle of ℎ generator, and is the number of generators.
A. Definition of equivalent angle
In this part, an equivalent angle is defined and the trajectory sensitivity of this angle to the impedances of transmission lines is introduced for appropriate placement of series compensators. To define this angle, machines are separated to two groups named accelerating ( ) and decelerating ( ) groups with respect to their rotor angles ( ) in center of inertia ( ) reference and, then this two-machine equivalent is replaced by a single machine equivalent system. The equivalent angle includes all the rotor angles and is defined as follows [11] 
where and are the inertia and rotor angle of ℎ generator, respectively. According to this definition, the trajectory sensitivity of the equivalent angle to the impedances of transmission lines is as follows
where
B. The proposed algorithm 1) Most important faults with clearing time close to their CCT are selected.
where and are the clearing and critical clearing times of the ℎ fault respectively, and is a positive small number.
2) For each fault: a) (5), (6), (7) and (8) 3) Finally a) for each transmission line, sum of normalized trajectory sensitivities of to the impedance of that line for different faults is calculated considering their sign of variation after being subjected to those faults (data from step 2). These results show how effective each transmission line is for improvement of transient stability. b) The transmission line which has most positive effect is chosen for installation of TCSC.
IV. SIMULATION AND RESULTS
A. Proposed method implementation
The IEEE 3-machine 9-bus system shown in Fig. 1 is used to evaluate the proposed algorithm, the system data is available in [12] . The reactances of transformers are included in transient reactances of generators. Table I shows list of selected faults which will be applied to the test system. When a fault occurs in the system, generators are divided to two groups as mentioned before. Fig. 2 shows the rotor angles of generators in center of inertia reference for fault 6. It is clear that generators 2 and 3 are more critical and oscillate against generator 1. For this fault, generator 1 is selected as decelerating group and generators 2 and 3 as accelerating group, and equivalent rotor angle is calculated based on this classification and is also depicted in Fig. 2 . The trajectory sensitivities of with respect to the impedances of transmission lines are calculated and shown in Fig. 3 . For more clarification, first cycle of variation of trajectory sensitivities is also depicted in Fig. 4 . This figure shows that the signs of trajectory sensitivities of with respect to the impedances of transmission line after fault 4 and 5 are negative but for the others are positive. Line 4, line 5, line 6, line 3, line 2 and line 1 have the largest absolute peak to bottom value of trajectory sensitivities, respectively. The most important issue here is to understand the meaning of these absolute peak to bottom values and their signs after occurring faults. It can be written based on the trajectory sensitivities
As TCSC is going to be installed in the transmission lines, △ will be negative and since will also increase rapidly after occurring fault which is visible from Fig. 2 , the value of trajectory sensitivity of with respect to the impedance of the transmission line should be positive to decrease and enhance transient stability of the system. Absolute peak to bottom value of trajectory sensitivity shows how sensitive is to the impedances of the transmission lines and its sign determines if putting TCSC in that line has positive or negative effect on the transient stability. So, installing TCSC at transmission line 4 and 5 not only does not improve transient stability for this fault but also has a very large negative effect because of its large negative peak to bottom value. Between the transmission lines with positive effects, line 6, line 3, line 2 and line 1 have better impact on the transient stability of the system, respectively.
The same calculations are done for the other selected faults and results are given in Table II . For each fault, computed peak to bottom values of trajectory sensitivities for different transmission lines are normalized to their maximum value. Each column corresponding to each fault shows these normalized trajectory sensitivities of . It can be seen that one of the trajectory sensitivities is equal to 1 for each column. The next step is to consider clearing time of each fault. For this purpose, all the digits of each column are divided to the clearing time of its corresponding fault. Table III shows the final trajectory sensitivities considering duration of faults. Final step is to calculate the sum of positive and negative effects of each transmission lines on transient stability for all the selected faults and decide about the best location for installing TCSC. According to the obtained results shown in Table IV , Line 3 and 6 are the best locations for installing TCSC, Line 2 and 1 do not affect transient stability so much, finally Line 4 and 5 may have negative effects on transient stability. 
B. Simulation with industrial software
To verify the results, industrial software SIMPOW®11 is used to simulate the test system in the presence of TCSC. Fig. 6 shows a transmission line equipped with a TCSC. The active power flow through transmission line between bus and bus when impedance of line is just a reactance is equal to
Where, is the value of effective reactance of the transmission line between Bus and Bus , is the reactance of the transmission line, is the reactance of TCSC, and are the voltage magnitude of Bus and Bus , and is the angle difference between Bus and Bus . Since the transmitted active power is inversely proportional to , variation of (due to the TCSC) results in variation of the power flow in the line. Therefore, TCSC can be used as a powerful means for controlling power flows in the transmission lines and for improving transient stability and power oscillation damping in power systems. is
where 0 is the TCSC steady state reactance and △ is the stability control modulation reactance. Controller which is used in this paper is based on the control lyapunov functions defined in [13] . According to these functions
where is a positive gain and is the equivalent speed of generator. Equivalent speed can be calculated based on (13)-(15) using generator speeds instead of rotor angles. After implementing TCSC in the industrial software, TCSC is placed in different transmission lines. For each location, CCTs in the presence of TCSC for all the selected faults are calculated. Table V shows the best and worst CCTs and their corresponding locations of TCSC for each selected fault which exactly match with the calculated trajectory sensitivities in Table III . As it was expected, the transmission line with the largest positive value of trajectory sensitivity of can improve transient stability significantly while the transmission line with a negative value can have a negative effect on the transient stability.
C. Best location for installing next series compensators
It is also important to be mentioned here that when a transmission line is chosen as the best location for installing TCSC, it means that it has the most positive overall effect on the transient stability considering all the selected faults. So, putting TCSC in the chosen line could also have a negative effect on the transient stability for a few numbers of faults. Anyway, this is the best achievable improvement of transient stability that can be obtained by installing one TCSC in this system. To eliminate this negative effect, more series compensators should be added to the power system and be placed in the best possible locations. The best way to find the appropriate places for installing next series compensators is to check again the calculated trajectory sensitivities of equivalent angle with respect to the impedances of transmission lines for the fault with a negative effect of first compensator. For instance in the studied test system, although line 3 has the most positive overall effect on the transient stability (Table  IV) but considering only fault 4, it has a slightly negative effect on it (Table III) . So, another series compensator can be installed in the system to remove this negative effect. Fifth column of Table III shows computed trajectory sensitivities corresponding to fault 4 and it is clear that line 6 has the largest positive impact on the transient stability for this case. Table VI shows the new critical clearing times of the selected faults after installing second TCSC at line 6. It can be seen that for all the selected faults transient stability has been improved. V. CONCLUSION In this paper, trajectory sensitivity analysis has been used as a tool to determine the effect of changing impedances of different transmission lines on the trajectory of rotor angles of generators when a fault occurs in a power system. It has been clarified for the first time why putting series compensators in the transmission lines does not always improve the transient stability of power system. A method was proposed to determine the appropriate places to install series compensators for improving transient stability of power system. The method has been applied to the IEEE 3-machine 9-bus system using thyristor controlled series compensator. MATLAB®10b has been used for implementation of the proposed method and finally results have been verified using industrial software SIMPOW®11.
